These days, coal is one of the most important energy resources used for transportation, industry, and electricity. There are two types of coal: high-rank and low-rank. Low-rank coal has a low calorific value and contains large amounts of useless moisture. The quality of low-rank coal can be increased by simple drying technology and it needs to be stabilized by hydrocarbons (e.g. palm acid oil, PAO) to prevent spontaneous combustion and moisture re-adsorption. Spontaneous combustion becomes a major problem during coal mining, storage, and transportation. It can involve the loss of life, property, and economic value; reduce the quality of the coal; and increase greenhouse gas emissions. Besides spontaneous combustion, moisture re-adsorption also leads to a decrease in quality of the coal due to its lower heating value. In this work, PAO was used for additive to stabilize the upgraded coal. The objectives of the experiments were to determine the stabilization characteristic of coal by analyzing the behavior of upgraded coal by drying and PAO addition regarding crossing-point temperature of coal, the moisture behavior of briquette coal, and thermal decomposition behavior of coal.
Introduction
Coal has been used to fulfill energy needs, such as transportation, industry, and electricity. In 2015, the top five countries that contributed to coal production worldwide were China, with the largest coal production at 47.7%, followed by USA (11.9%), India (7.4%), Australia (7.2%), and Indonesia (6.3%) [1] . Indonesian coal has lower ash and sulfur content with medium calorific values, which makes it one of the cleanest coals in the world [2] .
There are two types of coal; high rank and low rank. Highrank coal consists of sub-bituminous, bituminous (high, medium, low-volatile), anthracite (semi, meta, graphitic), and diamond; while low-rank coal consists of peat, brown coal, and lignite.
Some sub-bituminous coal is used mostly for power generation; bituminous coal can be used for power generation, and in heat and power manufacturing to produce steel and aluminum; and anthracite is used mostly for residential and space heating. Based on world energy data, in Southeast Asia, coal reserves include bituminous, sub-bituminous, and lignite coal with percentage of 34.8%, 28.4%, and 36.7%, respectively [2] . Low-rank coal is the type of coal that has low calorific value and contains large amounts of useless moisture. These weaknesses cause higher storage and transportation costs. However, low-rank coal is available in large quantities, is easy to access, and is cheaper than high-rank coal. Therefore, it has great potential for process, but it still needs optimization to overcome the problems.
Also, there is a naturally occurring phenomenon: coal can be self-heated, which is called weathering. It becomes a major problem during coal mining, storage, and transportation. The selfheating of coal can occur in underground mines, in opencast mines, in shallow deposits and outcrops, in coal stockpiles, during transportation, and at the site of disposal of waste from coalmines. Spontaneous combustion may occur if this selfheating is not controlled. Spontaneous combustion or spontaneous heating is a process of the self-heating of coal or other carbonaceous material due to auto oxidation, which eventually results in its ignition and produces carbon monoxide and carbon dioxide as exhaust products. It can reduce the quality of the coal, cause loss of life, property, and economic value, and increase greenhouse gas emission [3] . Therefore, to minimize the susceptibility of coal to spontaneous combustion, the coal must be treated. The quality of coal can be increased by simple drying technology and it needs to be stabilized to prevent spontaneous combustion and moisture readsorption. The purpose of the drying process is to evaporate the moisture, because a high moisture content can lower the heating value and increase the susceptibility of coal to spontaneous combustion; whereas the purpose of stabilizing is to fill the coal's pores which form after drying, prevent moisture readsorption, and increase the heating value. Previous experiments undertaken by others used heavy oil to stabilize the coal after the drying process [4, 5] . Raw coal is mixed with the heavy oil and a solvent, such as kerosene or diesel. The mixture is then heated to reduce the moisture content and the solvent. The coal is coated with the remaining heavy oil and tar, which are produced during the heating. The coating can reduce the reactivity of coal with oxygen and prevent moisture re-adsorption [6] .
However, this treatment is not economically feasible because the heavy oil is not cheap. In the present study, asphalt derived from petroleum and palm oil residues (such as palm fatty acid distillate, palm sludge oil, and palm acid oil; PAO) were used to replace the heavy oil. Palm oil residues maintain a solid form at room temperature, melt at a low temperature, and have a high calorific value that exceeds 38 MJ/kg [6, 7] . PAO, for example, is a by-product of the alkaline refining of palm oil. It is hydrophobic and therefore has the potential to resist moisture readsorption in low-rank coal [7] .
The coal has to be analyzed in case of spontaneous combustion.
Several methods have been used to check and measure the susceptibility, such as the critical self-heating temperature method, the adiabatic oxidation method, the dynamic method, and the isothermal oxidation method [7, 8] . In this study, critical selfheating temperature method was used to determine crossing point temperature of coal.
The behavior of moisture in coal also has been analyzed. This phenomenon normally occurs after the drying process of coal in certain condition. Various studies undertaken by others have been conducted with different temperatures and humidity levels to understand the behavior of coal after the drying and upgrading processes [7, 9] . The behavior which included evaporation, adsorption, and desorption might occur during the test. In this study, the briquette coals were put on certain places for 26 days to understand the moisture behavior and its effect on compressive strength of these briquettes.
The combustion characteristics of coal became an initial evaluation, which is used to measure mass loss of the sample in the function of time and temperature at which combustion or decomposition reactions occur [10] . In this study, thermogravimetric method was performed to determine thermogravimetric analysis and differential thermal analysis of coal.
Materials and methods

Coal sample preparation
Indonesian lignite coal was used as a sample for the experiments. The coal was upgraded using PAO as a binder. PAO has 38 MJ kg -1 heating value and its viscosity decreases with the increase in temperature: at 150 ℃, the viscosity was only 4.5 mPa's [7] . By using the upgrading process, which consists of pulverizing, mixing with PAO, and drying, the low-rank coal was upgraded. During drying, the moisture evaporated, while the PAO melted and filled the coal's pores. It then became solid at room temperature. The upgraded coals existed as a briquette (4.5 × 2.5 × 2 cm). Therefore, the briquette coal was broken and or pulverized to get powder coal (< 1 mm) and broken particle coal (1~5 mm). There were also different concentrations of PAO:
0 wt%, 0.5 wt%, and 1 wt%, which each contained approximately 10 wt% of moisture.
Coal characterization
The proximate analysis, ultimate analysis, and calorific value analysis were conducted. The proximate analysis was conducted based on ASTM D7582 using a TGA 701 Thermogravimeter The qualitative analysis of gaseous products released in FT-IR spectrometry was determined using Omnic software in which spectra were collected and recorded in a 4000~400 cm -1 wave number region.
The critical self-heating temperature method was used to determine the crossing-point temperature (CPT) of the coal [5, 11, 12] . The analysis equipment included a programmable oven, a reaction vessel, a thermocouple, and a mass flow controller for gas sources ( Figure 1 ). Prior to analysis, the sample was dried under an N2 environment overnight. Then, it was cooled down until it reached an ambient temperature before the test began.
At first, 35 g of coal filled the reaction vessel and was heated at 40 ℃ for 2 hours in an N2 environment until the reaction vessel was filled with N2 and the temperature of the coal had equalized. This method was performed to make sure that prior to the analysis, the coal did not react with ambient gas from 
where T1 and T2 represent the coal temperatures 10 minutes before and after it reached the CPT, respectively. The propensity of spontaneous combustion can be classified as low risk (I < 5), medium risk (5 < I < 10), or high risk (I > 10). The highest I means that the coal has a high risk of spontaneous combustion, making it easier to evoke fire [5, 11] .
The characteristic of dried and upgraded coal through moisture behavior from environment was analyzed. The moisture readsorption characteristics were determined through the pressure performance, which was tested using a load cell and BS-205 indicator (Bongshin Loadcell Co., Ltd., Seongnam-City, GyeonggiDo, Korea) to get compressive strength value by measuring the maximum force when the briquette coal remained unbroken.
Besides compressive strength, the moisture content of the coal was determined using TGA 701 Thermogravimeter (LECO Co.). 
Results and discussion
Coal characterization
Coal A, Coal B, and Coal C were characterized using proximate analysis, ultimate analysis, calorific value analysis, and FT-IR analysis. The coal samples had three different concentrations of PAO: 0 wt%, 0.5 wt%, and 1 wt%. Also, three types of coal of each concentration were presented: powder (< 1 mm), broken particle (1~5 mm), and briquette (4.5 × 2.5 × 2 cm) ( Figure   2 ). The results of the analyzed data are shown in Table 1 and   Table 2 . Coal A has the highest carbon content of all types of coal sample. Therefore, it has the highest heating value because the amount of energy contained in the C-C bonds is higher than the C-H bonds, the C = O bonds, and the C-O bonds [10] . Coal 
Crossing-point temperature analysis
Prior to the test, the moisture content of the samples was completely removed to prevent its effect of on the CPT of the coal. Also, the experimental conditions and the flow rate of the gases were kept the same [15, 16] .
Therefore, the differences in particle size and PAO content became the only parameters in this analysis. The CPT of each type of coal can categorize the risk of spontaneous combustion by using Equation (1). Higher risk is obtained when the CPT of coal is low, which means that the coal can easily catch fire at lower temperatures.
Coal A in the form of powder, broken particles, and briquettes have a medium risk of spontaneous combustion, while Coal B and Coal C both have low and medium risk. All Coal B and Coal C briquette coals have a low risk of spontaneous combustion, as do several broken particles in these coals. The PAO content did not have significant impact on decreasing or increasing the risk of spontaneous combustion. Table 3 shows that broken particles with a 0 wt% content of PAO for Coal B and Coal C have a medium and a low risk of spontaneous combustion, respectively. Due to differences in its structure and origin, Coal A in briquette form has a medium risk of spontaneous combustion.
Moreover, coal with bigger particle size tended to have lower risk of spontaneous combustion due to low liability index.
Therefore, bigger particle of coal has higher stability than smaller particle of coal. 
Moisture behavior analysis
Coal in briquette form became the most probable form due to lower risk of spontaneous combustion. Therefore, it was Figure 4 and Figure 5 show the compressive strength and moisture content of coal A. Figure 6 and Figure   7 show the compressive strength and moisture content of coal B. Figure 8 and Figure 9 show the compressive strength and moisture content of coal C. The compressive strength and moisture content of coal were determined on certain places and days. In this stabilization characteristic, the influence of PAO content can be detected. The higher PAO content made the compressive strength of coal briquettes higher than the other types.
The functional groups in coal bound better with PAO content than without it because it is a hydrocarbon, which means it prevents moisture re-adsorb inside the coal. The PAO had already coated and filled the pores of the coal surfaces and inhibited the re-adsorption of the moisture [6] . This could reduce the possibility of decrease in quality of coal, because higher content of moisture affects in decreasing of heating value.
Thermal decomposition behavior analysis
TGA thermograms show that there were two stages decomposition of coal. The first stage was the water evaporation and the second stage was coal decomposition or combustion stage of coal, which released carbon, hydrogen, and oxygen compounds during the reaction. The decomposition of coal in air atmosphere was rapidly occurred [17] . The first stage occurred until 110 ℃, while second stage occurred start from the range of 152~177 ℃ as shown in Table 4 . All samples had moisture content around 10 wt% and completely evaporated as an initial mass loss at 25~110 ℃. Table 4 shows the temperature interval and weight loss during the combustion stage of coal. It also shows the peak temperature and maximum rate of mass loss, which also can be seen in the TGA and the DTA curves in Figure 10 for Coal A, Figure 11 for Coal B, and Figure 12 for Coal C. The maximum rate of mass loss is proportional to the reactivity of the coal sample and can be influenced by the carbon content of coal. The higher carbon content increased the maximum rate of mass loss and caused the increase in coal reactivity.
On the other hand, the peak temperature at which the maximum rate of mass loss occurred was inversely proportional to the reactivity and combustibility of the coal [10, 18, 19] .
Coal A had the highest maximum rate of mass loss, which means it had high reactivity and combustibility. This result was supported by its highest carbon content among the other coals.
The highest peak temperature decreased the maximum rate of mass loss, which is what happened in Coal B. However, although it had the lowest peak temperature, Coal C reactivity and combustibility was not high as in Coal A, which was because Coal C had the lowest carbon content among the other coals.
Moreover, the carbon content increased due to PAO addition as proven in Coal A and Coal C, which had lower peak temperatures than coal without PAO content. Coal with higher PAO content gave a higher maximum rate of mass loss in Coal A
and Coal B as shown in Table 4 . It means that PAO content can increase the reactivity of the coal.
Conclusions
In this study, stabilization characteristic was performed through crossing-point temperature analysis, moisture behavior analysis, and thermal decomposition behavior analysis. The CPT of coal was not influenced by the PAO content in the coal. However, it gave different results on coal of different particle sizes. Coal with bigger particle sizes generally had lower susceptibility to spontaneous combustion and tended to have higher stability than coal with smaller particle size.
The moisture content in the coal was inversely proportional to its compressive strength. The higher PAO content made the compressive strength of coal briquettes higher among the other types of coal. This condition is good during storage because PAO coats and fills the surface pores of coal, which inhibits moisture re-adsorption inside the coal pores and retains the quality of coal.
The characteristics obtained from using TGA are interval temperature when the combustion occurs, maximum rate of mass loss, peak temperature at the maximum rate of mass loss, and weight loss during combustion process. The existence of PAO increased the number of degradation stages. Coal with a higher PAO content gave a higher maximum rate of mass loss and lower peak temperature. PAO increased the carbon content and influenced in the reactivity and combustibility of coal.
During storage and transportation of the coal, we need to keep the quality of the coal. From this study, the great way is to prepare the coal in bigger particle size, because it tends to have lower risk of spontaneous combustion. Moreover, PAO or other hydrocarbon addition can reduce the possibility of moisture readsorption, so the heating value is not decreasing. However, we still need to keep the coal from heat sources regarding to the reactivity and combustibility of coal which higher when the PAO content is higher.
